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Abstract

Fig trees (Ficus spp., Moraceae) are widely known as one of the most
important plant genera in terms of providing food resources for wildlife. They also
have an obligatory mutualism with fig wasps (Agaonidae), which makes fig trees a
good subject to investigate coevolution between plants and animals. Many fig tree
species are found in high humidity riparian areas, where some display adaptations
for seed dispersal by water. However, the majority of research on fig tree seed
dispersal has focused on big monoecious strangler fig tree species (Subgenus
Urostigma), with few studies of smaller shrubby dioecious fig trees. This thesis aims
to examine the vegetative and reproductive phenology of riparian fig tree species in
Kanchanaburi Province, western Thailand including their interactions with terrestrial
and aquatic frugivores, the function of a jelly-like substance produced by one
species, and how gene flow has influenced the genetic structure of a second riparian
fig tree. Also, current knowledge about global fig tree species and their interactions
with vertebrate frugivores, based on published articles, is updated.

The four riparian fig tree species studied are all evergreen. Figs of the
dioecious F. oligodon, F. ischnopoda and F. montana were produced seasonally,
with less seasonality of fig production in the monoecious F. racemosa. Fig
production was likely to be influenced by temperature. Figs of F. racemosa were
mostly produced towards the canopy level (more than 5 m above the ground), but
the other three species tended to produce figs near to ground level. Most fig crops of
the three dioecious species, which produced relatively smaller crop sizes than F.
racemosa, were not visited by any frugivores during observation periods, and
uneaten figs mainly fell to the ground or water. Where crops were visited, bulbuls

(Pycnonotidae) were the most frequent frugivores visiting the small shrubs F.



ischnopoda and F. montana and the Grey-bellied squirrel (Callosciurus caniceps,
Sciuridae) were frequent visitors to the larger fig tree species (F. oligodon and F.
racemosa).

Figs that fell onto the water were consumed quickly by a fish, Blue mahseer
(Neolissochilus stracheyi, Cyprinidae). However, seeds of F. montana ingested by
this and another cyprinid fish (Barbonymus altus) were mostly destroyed, suggesting
their roles are as seed predators rather than dispersers. A mucilaginous jelly
covering F. oligodon seeds did not attract any ant species. Seeds covered with this
jelly did not germinate, but could germinate rapidly once it was removed, suggesting
its function is seed germination suppression and probably to protect the seeds from
pathogens. Most genetic variation was within rather than between populations of F.
montana, but extensive gene flow between populations was detected, generated
mostly by pollen flow, because gene flow by seed dispersal was limited. This is
consistent with the observations that very few frugivores interacted with this fig tree
species.

The global review of interactions between vertebrate frugivores and fig trees,
which included data from this thesis, showed that the major frugivorous bird
families that interact with fig trees are mynahs (Sturnidae), pigeons (Columbidae),
bulbuls (Pycnonotidae) and parrots (Psittasidae), and the major families of
frugivorous mammals were Old World monkeys (Cercopithecidae), Old World fruit
bats (Pteropodidae) and New World fruit bats (Phyllostomidae). Strangler figs had
the highest number records of frugivore species interactions, and few small
dioecious species had any records of what eats their fruits. The limitations of the
relevant literature outlined in an earlier (2001) review are unchanged, with recent
records adding to the number of species records, but generally failing to add to a

detailed understanding of how fig trees interact with frugivores.
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Chapter 1 General Introduction

1.1 Mutualisms: positive interactions between living organisms

Living organisms have several ways to interact positively with one another
(West et al., 2007; Ezoe, 2012), and these interactions often reflect coevolution and
coadaption through time among the interacting species (Janzen, 1980). The general
definition of mutualism can be stated as the cooperation between two organisms of
different species, and each organism gains some benefits from maintaining the
interaction (Boucher, 1985; Bronstein, 1994; Connor, 1995). Boucher et al. (1982)
proposed that benefits gaining through the interactions can be identified as four
major types: nutrition, energy, protection and transportation. Nutrients or other
essential factors for growth gained from mutualistic symbionts may be directly
absorbed from cooperative partners or transferred among partner pairs, as for
example, the nitrogen fixation provided by mycorrhizal fungi to their host plants,
while the host plant supplies nutrients produced by photosynthesis to those fungi
(Johnson et al., 1997). In addition, the energy produced by mutualist partners can be
made available to benefit another, for example, corals can gain energy produced by
the photosynthetic algae they contain (Muscatine & Porter, 1977). Another benefit
of living together can be protection. The classic example of a protective mutualism
is the ant-mealybug association, where ants protect mealybugs from natural enemies
by showing their aggressive guarding behavior, and ants get sugar-rich honeydew
droplets from mealybugs in return (Rico-Gray & Thien, 1989; Cheng et al., 2015;
Zhou et al., 2017). Transportation mutualisms involve the movement of plant pollen
(pollination) and seeds (seed dispersal) assisted by animal mutualists (Morin, 2011).
Because plants are sessile organisms which have little or no ability to move by

themselves, plants needs external vectors that assist them to transfer their genes



(Barrett & Eckert, 1990). Usually dispersal and pollination are mutualistic, because

the plants provide rewards to the vectors (usually food).

Some mutualistic interactions have a high degree of specificity, where one
species relies on another and cannot survive after being separated from their
cooperative partner (Morin, 2011). These are often symbiotic in nature. The
relationship between fig trees (Moraceae) and their pollinators (Agaonidae), also,
Yucca (Asparagaceae) plants and their Yucca moth pollinator are examples of
extreme obligate mutualisms because these plants totally depend on one or a small
number of specific pollinators to transfer their pollen to conspecifics (e.g. Pellmyr et

al., 1996; Rensted et al., 2005; Cruaud et al., 2012).

1.1.1 Seed dispersal in plants

Seed dispersal is the movement of seeds away from their source plants,
usually assisted by abiotic and biotic media, for example, gravity, wind, water,
ballistic mechanisms or animals (exozoochory — where seeds are transported by
attaching to the outside of animals, such as, fur and skin, or endozoochory — seeds
which are ingested into the animal’s digestive system and dispersed after
defaecation) (Janzen, 1983). Plants relying on abiotic dispersers develop specialized
structures to support diaspore dispersal. For example, Ceiba pentandra (L.) Gaertn.
(Malvaceae) seeds have a fibrous structure around their seeds which allows them to
be dispersed by wind effectively (Dick et al., 2007). Also, in Dipterocarpaceae
species, the seeds have twin-winged organs assisting dispersal by wind (Sinha &
Davidar, 1992). Water can be an important seed dispersal medium. For example, it

i1s suggested that coconuts, (Cocos spp., Arecaceae) gain advantage from seed



dispersal by water because their seeds are buoyant, having air space inside and a
water proof shell which allows seeds to survive while sailing in the ocean (Foale,
2003). Although some seed plants have diaspores (seeds with other structures
assisting seed dispersal such as wings, fleshy fruits or elaiosomes) that are dispersed
by abiotic media, many rely on animal services, for example, seeds with fleshly
fruits that attract frugivorous animals (Howe & Smallwood, 1982). Seed dispersal
by animals is considered to be an important process to maintain plant population
structures in many habitats around the world and an understanding of seed dispersal
provides better understanding about the dynamics of such populations and
communities (Howe & Smallwood, 1982; Cain et al., 2000; Herrera, 2002).
Globally, more than half of all plant species rely on animals to disperse their seeds
(Fleming & Lips, 1991). Nutritious, soft and fleshly fruits have favourable traits that
attract frugivores to feed on them and disperse the seeds they contain (Howe &
Smallwood, 1982; Herrera, 1982; 1986). This leads to diffuse coevolution, in other
words multiple interactions between groups of fruiting plants and several
frugivorous animals (Herrera, 1982). An example is the frugivorous feeding guild
associated with Melastomaceae (Stiles & Rosselli, 1993), and Ficus (Moraceae)
(Shanahan et al., 2001). Dispersal depends on some seeds being consumed together
with the fruit pulp which acts as a food reward. Then the seeds will be regurgitated
or passed through the gut and defaecated. Each frugivore has a different diet,
feeding behavior and sites of faecal deposition, causing various seed dispersal
patterns (Howe & Westley, 1986). These seeds may be dispersed again by other
dispersers, such as ants, causing secondary seed dispersal (Wang & Smith, 2002).
After dispersal, seeds must land on suitable sites if they are to germinate and
establish successfully. To summarise, seed dispersal consists of several processes,

and it can be defined by a seed dispersal loop approach which describes the



completed cycle of seed dispersal that occurs from fruit production to sapling

recruitment (Wang & Smith, 2002; Fig. 1.1.).
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Fig. 1.1. The cycle of plant reproduction and its interactions with animal seed
dispersers and biotic and abiotic factors which benefit or reduce reproductive

success (Modified from Wang & Smith, 2002).

Howe & Westley (1988) proposed that the benefits of seed dispersal can be
summarized by three hypotheses: Firstly, the colonization hypothesis stated that
plants would benefit from dispersal into as many new areas as possible because each
habitat is changing through time. Therefore, to gain maximum fitness, some plants
species have adapted by producing numerous seeds to have more chance to establish
on new unpredictable sites after dispersal (Howe & Westley, 1988). This hypothesis
is appropriate particularly in open habitats which are in the process of succession,
and in dynamic mature habitats where forest gap colonization is important (Howe &

Smallwood, 1982; Howe & Westley, 1988). Augsperger (1984) tested the



colonization hypothesis by comparing seedling mortality in light-gaps and shaded
areas and found out that all the seedlings from nine plant species showed lower

mortality rates in light-gaps, supporting the colonization hypothesis.

Secondly, the escape hypothesis, in other words the Janzen-Connell
hypothesis, suggests that survival of plant seedlings occurs if they avoid distance
and density dependent effects on their mortality (Howe & Smallwood, 1982). Seeds
which are dispersed away from parent trees will have a higher chance to survive
than undispersed seeds, because seeds which fall under their parent trees are faced
with several density-dependent and distance-dependent effects, such as higher seed
predation, pathogen infection and competition among seedlings (Howe &
Smallwood, 1982; Levin et al., 2003). Several studies have supported this
hypothesis, reporting that density-dependent and distance-dependent effects
negatively impact on seedling survival (Janzen et al., 1976; Augspurger, 1983; Clark
& Clark, 1984). Moreover, it was revealed that seedlings of plants in Panamanian
Amazonian forest germinating near their parent trees died due to damage by soil
microbiota rather than above ground natural enemies, such as mammals, foliar
herbivores or pathogens (Mangan et al., 2010). However, some studies have failed to
support this hypothesis. For example, predation of Brosimum alicastrum SW.
(Moraceae) seeds in the Neotropics was negatively related to seed density (Burkey,
1994). A meta-analysis of seed and seedling predation data from 75 plant species
from 147 experiments across 40 studies suggested that there was no strong evidence
to support the distance-dependent effects hypothesis and only detected a small
significant survival rate reduction in temperate environment (Hyatt et al., 2003). In
addition, it was suggested that the hypothesis might explain patterns of seedling

survivorship more than seed survivorship (Hyatt et al., 2003; Comita et al., 2014).



Thirdly, the directed dispersal hypothesis considers that transportation of
seeds to specific microsites which are suitable for seedling establishment is
important. It has generally been used to describe cases of seed dispersal services by
birds and myrmecochory (seed dispersal by ants) (Howe & Westley, 1988). Plants
may develop unique fruit characteristics that attract specific dispersal vectors and
have special morphological structures that increase the chance that seeds will be
dispersed to suitable habitats (Venable & Brown, 1993). The classic example that fit
the directed dispersal hypothesis is the dispersal of Mistletoe seeds (Loranthus spp.,
Loranthaceae) by small-bodied Flowerpeckers (Dicaeum spp., Dicaeidae) which
defaecate seeds covered with a viscid layer that sticks onto branches of host trees
(Ward & Paton, 2007). Ants were reported as seed dispersers and as promoting the
population growth and survival rate of Corydalis aurea Willd. (Papaveraceae)
because seeds treated by ants germinate better. Moreover, ant mounds can provide

essential nutrients for seedling development (Hanzawa et al., 1988).

Seed dispersal can be described in term of its effectiveness. Schupp et al.
(2010) used the concept of seed dispersal effectiveness to compare seed dispersal
processes systematically. Seed dispersal effectiveness comprises quantitative and
qualitative parts. The quantity reflects how many seeds are dispersed, for example,
the number of frugivore visitations at fruiting trees and amounts of seeds removed
from fruiting trees per visit, and the quality represents the probability of seedling
establishment from dispersed seeds. It reflects the quality of seed treatment by
frugivores, including their handling of seeds and gut passage effects and also where

the seeds are deposited (Schupp, 1993; Schupp et al., 2010).



1.1.2 Fruit selection by frugivores

Plant species that depend on animals for dispersal have fruits with different
characteristics that attract different frugivores (Lomascolo et al., 2010). These
include fruit colour, fruit size and seed size. Janson (1983) suggested that there were
two main frugivores and fruit syndromes (variation in characteristic complex of
fruiting plants that evolved to attract frugivores; Fischer & Chapman, 1993) in a
Peruvian rain forest, based on fruit appearance, gape required and where the fruits
were located, and that these resulted in bird, bat and primate specific fruits (Table
1.1). Fruits that target birds mainly have red or black colours, and thin pericarp
layers. Fruit and seed sizes of bird fruits vary, but they are usually smaller than
primate-eaten fruits. Primates and other mammals feed preferentially on fruits with
distinct aromas when ripe, suggesting that smell rather than colour is important for
their attraction. Green and brown fruits are not likely to be eaten by birds. Primates
and bats also tend to consume larger fruits than birds. This reflects the different sizes
of the animals, how they feed and the relative importance of sight and smell in birds
and mammals (Rybczynski & Riker, 1981; Wheelwright, 1985; Clout & Hay, 1989;

Noma & Yomoto, 1997; Corlett, 1998).

In the genus Ficus two dispersal syndromes were described in the neotropics
(Kalko et al., 1996; Korine et al., 2000). Bats predominantly consumed green or pale
colour figs, whereas red or brighter colour figs are mainly eaten by birds (Kalko et
al., 1996; Korine et al., 2000). Fig dispersal syndromes are more complex in Asia
(Shanahan, 2000). Five dispersal guilds, comprising fruit bats, arboreal mammals,

terrestrial mammals, understorey bird/arboreal mammal and canopy bird/arboreal



mammals, were described in Borneo (Shanahan, 2000). It is highly likely that

frugivore guilds for other plants with fleshy fruits also vary in different places.

Table 1.1. Characteristics of fruits typically eaten by birds and mammals.

Region Fruit colour Fruit size Seed size References
Aves Mammal Aves Mammal Aves Mammal
Neotropics Red, Green, 14mm. | >14mm. | N/A N/A Janson,
Pink, Yellow, or lower | (Primate) 1983
White, Brown,
Black, Orange
Indigo, (Primate)
Mixed
colour
Afrotropics | Violet, Orange, Red, | <5 g. >5g. <0.5¢g. >0.5¢g. Gautier-
Red Yellow (Small Hion et al.,
(Monkey) birds) 1985
Mediterrane | N/A N/A >1mm. | >3.2 N/A N/A Debussche
ans mm. &
Isenmann,
1989
Various Black, Brown, <10 N/A N/A N/A Howe &
regions Indigo, Green, mm Westley,
Red, White, 1988
White, Orange,
Orange Yellow
(Primate)
Various N/A N/A 11.88 29.28 + N/A N/A Jordano,
regions +7.22 22.75 1995
mm. mm.
Paleotropics | Black, Black, Red, 2-69 2-84 mm. | 0.1-20 mm. | 0.1-28 Kitamura
Red, Yellow mm. mm. etal., 2002
Indigo (Primate)
Afrotropics | Red, Green, N/A N/A N/A N/A Voigt et
Black, Brown, al., 2004
White, Yellow,
Indigo, Orange, Red,
Pink, Indigo
Yellow, (Primate)
Orange
Paleotropics | Darker Lighter Smaller | Larger N/A N/A Lomascolo
colour colour (Bats) (Bats) etal., 2010
Global Red, Green, Up to Varied in | Varied in Up to 28 | Overall
Black, Brown, 69 cm size, up size, up to mm. or >
White, Yellow, or<5g. | tog&4 20 mm. 0.5g.
Indigo, Orange, Red, | in small | mm. or<0.5¢g.
Pink, Indigo, birds or> 5g.
Yellow, White
Orange,
Violet




1.1.3 Seed handling by frugivores and germination success

Any animals ingesting fruits that contain seeds and then depositing viable
seeds are potential seed dispersers (Schupp et al., 2010). Although many fruit-eating
animals are seed dispersers, others can be seed destroyers. Chimpanzee (Pan
troglodytes, Hominidae) pass most fruit safely through their guts, and only destroy
around 2% of ingested seeds (Lambert & Garber, 1998). At the other extreme,
rodents destroy most seeds by gnawing on them (Gathua, 2000). Small numbers of
fig seeds can nonetheless be dispersed by rats (Staddon et al., 2010), so most
animals that feed on fruits may disperse some seeds, even if the efficiency is low as
in specialist seed predators such as many parrots (Psittacidae). Bulbuls
(Pycnonotidae) are particularly important seed dispersers in the tropics, especially in
Oriental regions, because they are very abundant, feed on many plants species, and
their feeding behavior promotes seed dispersal (Corlett, 1998). In contrast, green
pigeons (Columbidae), like parrots, are mainly seed predators because most seeds

they eat are destroyed by their gizzards (Crome, 1975).

Although gut treatment may promote, suppress or have no effect on seed
germination and survival (Barnea et al., 1991; Murray et al., 1994; Shilton et al.,
1999; Traveset et al., 2001), the majority of frugivorous animals appear to enhance
seed germination success (Fleming & Sosa, 1994). Seed germination success is
strongly affected by the treatment the seeds receive in frugivore guts (Traveset et al.,
2001). Seeds of Ficus enormis (Miq.) Miq. (Moraceae) ingested by Brown Howler
Monkeys (Alouatta fusca, Atelidae) have a higher germination success than control
seeds (de Figueiredo, 1993). M echanical and chemical digestive processes may

soften seed coats and make water and oxygen exchange easier. As a result, the seeds
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may germinate more quickly. The impact of gut passage can depend on how long
the seeds take to pass through the gut and the food type consumed together with the
seeds (Barnea et al., 1991; Yagihashi et al., 1998). Moreover, during passage
through the frugivore gut, the seeds are separated from the fruit pulp and this may
improve germination rates (Traveset et al., 2001). For example, seeds of some
species ingested by White-handed gibbon (Hylobates lar, Hylobatidae) in Khao Yai
National Park, Thailand germinated faster than not-ingested seeds (Whitington,
1990). Faster germination is a common result of ingestion and may benefit plants by
increasing early colonization and avoiding pathogen infection (Moore, 2001). Also,
seed germination and seedling growth can be enhanced by faecal nutrients acting as
natural manure, particularly with seeds germinating on mammalian dung (Traveset

etal., 2001).

Most studies of endozoochory focus on birds or mammals, reflecting the
most common record of both frugivorous group that feed on fleshly fruit (see
Shanahan et al., 2001). However, fish is rarely topics of investigation (Correa et al.,
2007), and also reptiles (see Shanahan et al., 2001). Fishes may be the oldest
vertebrate seed dispersers, based on the fossil record of riparian coniferous seeds in
the Carboniferous period, 300-350 million years ago (Tiffney, 2004). Although at
least 275 fish species are recorded as feeding on fruits globally, with most records
from the Neotropics, the seed dispersal services by fishes and how they handle seeds
after consumption are still poorly known (Horn et al., 2011). Passage through fish
digestive tract can damage seeds (Agami & Waisel, 1988; Kubitzki & Ziburski,
1994) or not (Horn, 1997; Mannheimer et al., 2003). The seeds may be crushed
when fishes chew or swallow seeds and some herbivorous fishes including the

abundant cyprinids (Cyprinidae) have a group of molar-like teeth in the pharyngeal
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arch. Fish body size can influence their ability to disperse seeds. Adult Colossoma
macropomum (Serrasalmidae) are more effective seed dispersers in riparian forests
of the Neotropics, Peru than smaller-sized juvenile fishes, probably because seeds
are ground by juvenile fishes and swallowed whole by adult fishes (Anderson et al.,
2009). As with birds and mammals, ingestion by fishes can accelerate seed
germination after defaecation (Kubitzki & Ziburski, 1994; Pollux et al., 2006), but
can also reduce seed germination in some cases (Kubitzki & Ziburski, 1994; Horn,
1997). It is suggested that seeds covering with a hard coat have higher survival and
seed germination rates because of better protection while passing through fish guts

(Pollux et al., 2006).

1.1.4 Seed protection: adaptation of plant to get rid of seed predation

The seeds produced by most plants have a rich accumulation of nutrients in
their endosperm which is used for embryo development, but which can also be a
food resource for animals (Hulme & Benkman, 2002). Therefore, to promote
survival rates at the same time as favouring dispersal, plants need to develop
strategies to protect their seeds while promoting interactions between diaspores and
potential seed dispersers (Hulme & Benkman, 2002). Many plants have seeds
containing chemicals that may have a defensive function. These substances include
cyanogenic glycosides, alkaloids, saponins, and endopetide inhibitors that can be
poisonous to seed predators (Janzen, 1971; Hulme & Benkman, 2002). Adaptations
of seed morphology, such as increasing seed coat hardness, can be a direct physical
way to protect seeds, and it is suggested that seed predation is reduced by seed
weight, seed coat hardness and thickness (Blate et al., 1998). Another example of

seed protection is the endocarp development of Hakea (Proteaceae). Hakea seeds are
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embedded in a spiny hard shell and grouped together under highly dense spiny
leaves to reduce risk of seed predation by granivorous birds (Lamont et al., 2016). A
seed coat covered with a sticky mucilage layer is found in some drought-tolerating
plants which helps the seeds by adhering with soil and camouflages them from seed

predators as well as reducing exposure to extreme conditions (Western, 2012).

1.2 General biology of fig trees

More than 830 fig tree species have been described globally with more than
500 species found in Asia and Australasia (see Berg, 1989; Harrison, 2005; The
Plant List, 2018). Ficus is known as one of the most diverse plant genera, and
displays various life forms, for example hemi-epiphytes, trees, shrubs and lianas
(Berg & Corner, 2005). They have been classified into six sub-genera
(Pharmacosycea, Urostigma, Ficus, Sinoecia, Sycidium and Sycomorus) (Berg &
Corner, 2005). The morphological characters used to classify them use their sexual
systems (monoecious or dioecious), adventitious roots, stipules, waxy glands, fig
positions (e.g. in the leaf axil, cauliflorous or ramiflorous) and details of their
flowers and inflorescences (figs, sometimes called syconia) such as their stigma
form and stamen form and flowers per fig (Berg & Corner, 2005). Members of the
Pharmacosycea subgenus are monoecious free-standing trees or shrubs (Berg &
Corner, 2005). Unlike Pharmacosycea, the subgenus Urostigma consists mostly of
monoecious hemi-epiphytic (strangler) and hemi-epilithic life forms (Berg &
Corner, 2005). The subgenera Ficus, Sinoecia and Sycidium are dioecious, and

Sycomorus members are both monoecious and dioecious (Berg & Corner, 2005).
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In oriental Asia, Ficus is distributed in various habitat types, but especially in
riparian areas of tropical rain forests (Corner, 1963; Corner, 1969). A great number
of riparian species are specific to stream sides (Berg & Corner, 2005) and some figs
trees totally rely on running streams or flood plain habitats, where they are able to
grow on sandy or rocky material in the stream centre (Pothasin et al., 2016). Many
other riparian fig trees have less restricted distributions and are also found in

secondary forest and anthropogenic habitats (Maxwell, 2008).

Ficus is well known for their specific pollination association with fig wasps
(Agaonidae) (Machado et al., 2001; Weiblen, 2002), and this mutualism has been
occurring for at least 34 million years (Compton et al., 2010) and probably for twice
that long (Rensted et al., 2005). A variety of phenological patterns are reported in
fig trees (Spencer et al., 1996), but often with asynchronous flowering at both
individual and population scales (Janzen, 1979). Populations of the trees’ fig wasp
pollinators (Agaonidae) gain survival benefits from these unique phenological
patterns (Harrison, 2008). In most monoecious Ficus, the figs are generally
synchronized at the receptive and fig wasp-releasing phases on individual trees, but
within-tree asynchrony occurs in some dioecious figs (Harrison et al., 2008). The
benefit of within-tree synchronous fruiting, but within-population asynchronous
fruiting figs is that it allows pollinator fig wasp populations to persist but also forces
outcrossing because the pollinators have to move away from their natal trees in

search of figs where they can oviposit (Bronstein, 1989; Jia et al., 2008).

Figs are hollow enclosed inflorescenses, lined by flowers internally. When
figs are receptive, the ostiolar bracts are more open, allowing female fig wasps laden

with pollen to enter and lay their eggs (Berg & Corner, 2005). One or a small
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number of fig wasp species pollinate each species of fig tree. Specificity is mainly
the result of tree-specific volatile attractants released from receptive figs (Hossaert-
McKey et al., 1994). The ostiole structure and fig wasp morphology also specifically
fit each other, which favours specificity (van Noort & Compton, 1996). van Noort &
Rasplus (2018) summarised the breeding biology of fig wasps as follow: During the
pollination stage fig wasps insert their ovipositors along the styles of female flowers
in order to lay eggs in the ovules. After laying their eggs, the female fig wasps
usually die inside the figs. Galls will be formed in the ovules with wasp eggs, and
they will produce the next generation of wasps. In monoecious fig trees, pollinated
flowers lacking eggs will develop seeds. In dioecious fig trees, individual plants are
separated into functionally male and female sexes. The roles of male figs are to
produce pollen and fig wasp offspring to carry the pollen, and seeds are only
developed in female figs. Un-pollinated and ungalled figs are discarded from trees.
Wasp larva will be fully metamorphosed into adults several weeks or months after
oviposition. One fig wasp develops in each galled ovule. Male fig wasps come out
from their galls before females and start mating with them. When female wasps start
leaving the figs, they bring pollen from the male flowers. In monoecious species,
the figs become ripe and attractive to dispersers after the seeds are mature and the
young generation of fig wasps has departed from the figs. In figs on female
dioecious trees, the figs ripen once the seeds are mature. The female wasps’
journeys begin, and they attempt to find receptive figs of their specific host species
quickly, because their adult life spans are short (Harrison, 2005; van Noort &

Rasplus, 2018).

Water can be an important medium to disperse the seeds of riparian Ficus

(Horn, 1997; Pothasin et al., 2016). However, animals are the most important seed
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dispersers of most Ficus spp. It has been suggested that mature monoecious figs and
female dioecious figs are significant food resources for more than 1,200 species of
frugivores globally (Shanahan et al., 2001). Interactions among figs and frugivores
involve many vertebrate taxa (fishes, reptiles, mammals, birds) (Shanahan et al.,
2001), and even invertebrates, for example, ants (Kaufmann et al., 1991) and crabs
(Staddon et al., 2010). Ficus species richness is positively correlated with avian
frugivore species richness (Kissling et al., 2007), so it can be argued that the
diversity of figs is an indicator or even driver of frugivore diversity, supporting the
statement that “Everybody eats figs” (Janzen, 1979). Because fig trees often produce
several fruit crops each year, and all year round this makes them highly available
resources for frugivores, and figs are considered as keystone species in tropical rain
forests (Milton et al., 1982; Terborg, 1986; Poonswad et al., 1998). Fig trees are
found commonly in tropical and sub-tropical zones and their various life forms, fig
colours, fig placements and fig sizes make them attractive to a wide range of
different frugivores (Berg & Corner, 2005). Their easily-eaten and calcium-rich figs
are other reasons why fig trees are one of the most important genera for frugivores
in the Old and New World tropics (Jansen, 1979; O'Brien et al., 1998; Wendeln et

al., 2000).

Fig trees are of particular interest to conservation biologists because they
provide so many benefits to other organisms (e.g. fig wasps, frugivores,
insectivorous birds and leaf-feeding insects) (see Machado et al., 2001; Shanahan et
al., 2001; Sreekar et al., 2010; Cheanban et al., 2017). Some Ficus are fast-growing
pioneer species and have been used as framework species to restore degraded
habitats (Elliott et al., 2003). In these degraded habitats, frugivore diversity is

usually low, leading to a lack of seed dispersal (Holl, 1999). The major role of Ficus
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in habitat restoration is due to its attraction to various frugivores that disperse plant
seeds in general, causing more seed accumulation in areas (Elliott et al., 2003)
which usually lack a seed bank (Duncan & Chapman, 1999; Slocum, 2001). Ficus
caulocarpa (Miq.) Miq. growing in damaged dipterocarp forest in Borneo has been
reported to attract 28 bird and 2 mammal species to its ripe figs, and has an excellent
ability to attract frugivores to these less pristine areas (Sreekar et al., 2010). Some
fig trees also have an excellent ability in suppressing weed density and resisting wild
fires, which increases their positive effects in restoration processes (Elliott et al.,
2003). Therefore, based on these significant characteristics, Ficus have distinctive
and important functions in conservation ecology, especially in ecological

rehabilitation of tropical landscapes.

1.3 Population genetics structure and gene flow of Ficus

Distribution, phylogeography and genetic differentiation of populations are
interesting aspects for evolutionary study, and these approaches provide crucial
information about populations that can be used for conservation of such species
(Hampe & Petit, 2005). Genetic differentiation and genetic structure among isolated
populations can define recent population status. They are affected by gene flow,
genetic selection and drift, and mutations (Loveless & Hamrick, 1984). Populations
and connected groups of populations display gene flow (Slatkin, 1987). Populations
with high gene flow rates have routine interchanging of genotypes between
reproductive individuals of each population. Lower gene flow rates are caused by
the blocking of genetic transfer between populations and this leads to accumulations
of unique allele frequencies due to genetic drift (Slatkin, 1987). In addition,

geographical barriers, such as mountains, or heterogenous landscapes can limit gene
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flow between populations (Ernest et al., 2003; Hayden et al., 2003; Zalewski et al.,
2009) and may lead to reproductive isolation and eventual speciation (Coyne & Orr,

2004).

Effective population size (Ne) is a widely-used method for estimating genetic
drift and inbreeding in populations (Husband & Barrett, 1992). Generally, N. can be
evaluated from several factors affecting population dynamics, e.g. population size
(N), sex ratio and variation in traits of each member in such population (Crow &
Kimura, 1970). A small N. is related with high genetic drift in such populations, but

a larger N. may result in high genetic diversity (Frankham, 1996).

Dispersal of pollen and seeds can be inferred indirectly (inferred from gene
flow) and directly from population genetic studies (comparing seedling genotypes
with their candidate parents) (Ouborg et al., 1999). Several molecular markers,
allozymes, RAPDs, AFLPs, RFLPs, minisatellites and microsatellites, have been
developed for studying plant dispersal events, with each marker type suitable for
different research questions, the degree of polymorphism, and the need for cost
effectiveness (Hamrick, 1987; Bruford & Wayne, 1993; Avise, 2004; Jarne &
Lagoda, 1996; Ouborg et al., 1999). Microsatellite markers are widely used for
studying population genetic questions. Microsatellites are short tandem repeats
(STRs) or simple sequence repeats (SSRs), similar to minisatellites, but with shorter
repeated sequences (Bruford & Wayne, 1993; Goldstein & Schlotterer, 1999).
Microsatellites can be found in both nuclear and cytoplasmic genomes, especially
choloroplast sequences (Provan et al., 2001). Microsatellites are very variable, and
they spread gradually in the genome. Therefore, they have become popular markers

in gene mapping, parentage analysis and population genetics (Goldstein &
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Schlotterer, 1999), and also with direct or indirect plant dispersal studies

investigating both pollen and seed mediated gene flow (Ouborg et al., 1999).

Although more than 830 Ficus species are distributed globally (The Plant
List, 2018), the genetic structure of wild Ficus populations has been examined in
only a small number of species. Only the domestic fig (Ficus carica) has been
intensively examined, especially in Eurasia and Africa (see Khadari, et al., 2005;
Saddoud et al., 2007; Ikegami et al., 2009; Aradhya et al., 2010). Apart from F.
carica, population genetic studies of other Ficus have been carried out in Asia and
South America (e.g. Chen et al., 2008; Nazareno & Cavalho, 2009; Wang et al.,
2009; Zhou & Chen, 2010; Chen et al., 2011; Dev et al., 2011; Yuetal., 2010; Yu &
Nason, 2013; Nazareno et al., 2013; Duarte et al., 2015; Heer et al., 2015; Liu et al.,
2015; Wang et al., 2018, Table 1.2). However, the genetic structures of Ficus
species in tropical South-East Asia, where the genus Ficus is most diverse, remain
unclear. It has been nonetheless reported that some dioecious riparian figs in South-
East Asian tropical forests often fail to be dispersed by animals (Compton S. G.,
pers. com.), and this might be predicted to restrict gene flow of those Ficus species.
Genetic structure reflects gene flow patterns shaped by pollination and seed
dispersal (Vekemans & Hardy, 2004). Wright’s isolation by distance (IBD) stated
that the correlation of genetic distance affects due to limited dispersal between
different populations (Slatkin, 1993). Isolation by distance has been detected across
populations in several Ficus species and may be a result of gene flow inhibited by
geographical barriers (Chen et al., 2011; Liu et al., 2015). Some fig trees also have
asynchronous flowering phenology, and growth forms that also possibly result in
spatial genetic structure (SGS) (Vekemans & Hardy, 2004; Wang et al., 2009). The

main factor leading to spatial genetic structure formation is restricted gene flow
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which relates directly to limited pollen and seed dispersal (Ennos, 2001; Vekemans
& Hardy, 2004) although other factors, such as, habitat characteristics, population
size, reproductive system, genetic drift, selection and dispersal patterns may also
influence SGS in plants (Vekemans & Hardy, 2004; Zhou & Chen, 2010). However,
the SGS generation processes and its related factors are not well understood (Zhou
& Chen, 2010). Monoecious and dioecious fig tree species tend to display different
spatial genetic structures. Spatial genetic structure among dioecious fig trees is
approximately six times higher than in monoecious species (Nazareno et al., 2013).
It has been suggested that long distance pollen flow occurs less in dioecious species
and that this increases SGS (Zhou & Chen, 2010; Nazareno et al., 2013). In contrast,
pollen of Ficus sycomorus L. can be transported for long distances, up to 160
kilometres (Ahmed et al., 2009). However, some dioecious figs also display long
distance pollen dispersal, for example, Ficus hirta Vahl (Yu et al., 2010) and it is
possible that local seed dispersal of dioecious Ficus hispida L. f. is responsible for
the SGS of this species (Dev et al., 2011). Another recent updated study of F. hirta
in Thailand and China also shows low nuclear and high chloroplast differentiation,

reflecting low gene flow assisted by seed dispersal (Yu & Nason, 2013).



Table 1.2. Summary of population genetic studies of Ficus in natural habitats.

Figs species Sexual Pollinators Animal seed Sampling Molecular Major findings References
system dispersers location markers
Ficus pumila L. Dioecy Weibesia Possibly bats,  Eastern Microsatellites Low level of genetic diversity detected from both mainland and island populations, and Chen et al., 2008
pumilae rodents, ants Zhejiang, China genetic differentiation was not significantly correlated with geographical distance
Ficus arpazusa Casar. Monoecy  Pegoscapus - Brazil Allozyme High genetic diversity was reported for this species, and inbreeding was not detected. Nazareno &
Synonym of : Ficus sp. Cavalho, 2009
pertusa L.1.
Ficus pumila L. Dioecy Weibesia Possibly bats, ~ Eastern Microsatellites Strong SGS, restricted gene flow Wang et al., 2009
pumilae rodents, ants Zhejiang, China
Ficus cyrtophylla (Miq.) Dioecy Kradibia sp. Small birds South-east Microsatellites Long distance seeds and pollens dispersal were reported. Local SGS was found only in Zhou & Chen,
Migq. (Pycnonotus Xishuangbanna, seedling stages which may reflect selection 2010
spp.) Yunnan, China
Ficus tikoua Bureau Dioecy Ceratosolen Small and Sichuan and Microsatellites Moderate level of genetic diversity — the highest diversity in dioecious figs. Isolation by Chen et al., 2011
sp. large Yunnan, China distance was detected.
mammals
Ficus exasperata Vahl Dioecy Kradibia Small birds western Ghat, Microsatellites SGS was detected, and parent-offspring distance was short, approximately, 200m. Also, Devetal., 2011
gestroi India genetic diversity remained high which may reflect immigration of genes
Ficus hispida L.f. Dioecy Ceratosolen Bats and western Ghat, Microsatellites
solmsi rodents India
Ficus hirta Vahl Dioecy Valisia Birds Thailand and Microsatellites Low nuclear genetic differentiation among populations, limited seed dispersal inferred Yuetal, 2010
Jjavana southern China and cpDNA from high cpDNA differentiation
sequencing
Ficus citrifolia Mill. Monoecy  Pegoscapus Bats and Sao Paulo, Microsatellites Low level of SGS in comparison with dioecious figs Nazareno et al.,
sp. birds Brazil 2013
Ficus eximia Schott Monoecy  Pegoscapus Bats and Sao Paulo, Microsatellites
sp. birds Brazil
Ficus bonijesulapensis - - - Babhia, Brazil ISSR primers High genetic diversity, and there was no pattern of SGS detected Duarte et al., 2015
R.M.Castro
Ficus insipida Willd. Monoecy  Tetrapus Phyllostomid ~ Panama, Costa Microsatellites SGS was detected in these four Ficus species. Based on simulation, pollination possibly Heer et al., 2015
costaricanus bats Rica and Peru occurred over more than 1 km., and local seed dispersal may be the major cause of SGS
Ficus citrifolia Mill. Monoecy  Pegoscapus Phyllostomid ~ Panama, Costa Microsatellites
tonduzi bats Rica and Peru
Ficus obtusifolia Kunth Monoecy  Pegoscapus Phyllostomid Panama, Costa Microsatellites
hoffmeyeri bats Rica and Peru
Ficus yoponensis Desv. Monoecy  Tetrapus Phyllostomid Panama, Costa Microsatellites
ecuadoranus ___ bats Rica and Peru
Ficus pumila L. Dioecy Weibesia Possibly bats,  South China Microsatellites Isolation by distance was detected, and genetic differentiation was lower than in its Lui et al., 2015
pumilae rodents, ants and cpDNA pollinator
sequencing
Ficus sarmentosa Buch.- Dioecy Weibesia Birds, rats, South East Microsatellites High genetic diversity, but low genetics structure, indicating extensive gene flow Wang et al., 2018
Ham. ex Sm. callida ants China

0¢
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1.4 Research themes

Based mainly on studies of fig trees in western Thailand, the major research
themes of this thesis examine the interactions between South-East Asian riparian
Ficus and frugivorous animals. The fig trees studied were mainly small and
dioecious— the growth form and breeding system that largely represents the extreme
species richness of Asian Ficus, but which has been little studied from a seed
dispersal perspective. Riparian habitats support the most diverse Ficus faunas in the
area but are often under threat from human activities. Dispersal by water, and the
fishes that inhabit the water, is possibly important for gene flow in riparian species,

and may have generated associated adaptations in some of the species.

The effectiveness of frugivores in seed dispersal of Ficus was investigated
by examining fig removal patterns and seed handling by the frugivores. The annual
phenology of four riparian Ficus species was studied. The function of a gelatinous
substance that covers some Ficus seeds in terms of seed germination and
invertebrate attraction was also investigated. The implication of pollination and seed
dispersal for gene flow in a South-East Asian dioecious Ficus species were revealed
by investigating its population genetic structure. An updated global record of figs
eaters based on results of this study and from the scientific records published
between 2000 and 2017 was generated to examine the world-wide significance of
fig trees and to determine whether data weaknesses identified in an earlier study

(Shanahan et al., 2001) have been rectified.
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The research outline of this thesis is as follows:

Chapter 1 outlines general principle of mutualism, seed dispersal
approaches, the biology of Ficus and population genetic studies of the genus.

Chapter 2 investigates the annual vegetative and reproductive phenology of
four riparian fig species with these research questions:

1. What are the leaf and fig phenology patterns of the riparian Ficus species?

2. Do leaf and fig production correlate with climatic factors?

3. Do fig crop numbers and sizes differ between sexes within dioecious

species and between species?

4. Are figs on male and female trees presented differently?

Chapter 3 describes the terrestrial frugivore assemblages of the four riparian
fig species. This chapter examines interactions between small fig trees (Ficus
ischnopoda Miq. and F. montana Burm.f.) and frugivores in comparison with
medium and larger fig trees (Ficus oligodon Miq. and F. racemosa L.) with these
research questions:

1. Is water possible for dispersal agent of four non-Urostigma fig species (F.

montana, F. ischnopoda, F. oligodon and F. racemosa) in riparian forest of

western Thailand?

2. How many figs likely to fall down from those four riparian fig trees?

3. How do frugivores interact with these four fig species, including the

frugivore feeding behaviours on fig trees?

4. How frequently and fast do frugivores remove figs from those fig trees?
Chapter 4 examines the role of cyprinid fishes (Neolissochilus stracheyi and
Barbonymus altus) in dispersal of seeds of a riparian fig tree (Ficus montana
Burm.f.) by studying the effect of seed consumption on seed survival and

germination. Research questions of this chapter are:
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1. What proportion figs fall into the water, and does it vary with season?
2. Do the frugivorous fish species and abundance sizes differ between the
two major riparian systems in western Thailand?
3. Does the speed of fish consuming at which fallen figs vary between the
riparian systems?
4. Do fish body sizes affect feeding rates and survival of fig seeds eaten by
the fishes?
5. How does feeding and gut passage inside fishes influence seed
germination?
Chapter 5 examines the function of a gelatinous substance (jelly) that covers Ficus
oligodon Miq. seeds. Specific research questions are:
1. How does the presence of the jelly influence seed germination?
2. Does the jelly attract ants?
Chapter 6 describes the genetic structure and assesses gene flow in a small dioecious
riparian fig tree (Ficus montana Burm.f.) in western Thailand. Several research
questions are raised in this chapter:
1. What is the population genetic structure of Ficus montana Burm.f. in
western Thailand?
2. How does genetic structure relate to pollination and seed dispersal
patterns?
3. Do the genetic structures obtained from nuclear and chloroplast DNA
differ in F. montana?
4. Does isolation by distance pattern occur among different population of F.
montana’
5. Is gene flow of F. montana in western Thailand related to river systems

and geographic barriers such as mountain ridges?
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Chapter 7 updates a previously-published global database of Ficus and fig eaters
gathered from scientific publish sources from 2000 to 2017. The research questions
below are discussed based on a meta-analysis of the database contents.

1. How many fig species have been examined in terms of what eats their

figs?

2. What are the frugivore groups feeding on figs?

3. What is the variation among fig eaters in different regions?

4. Are both monoecious and dioecious figs important resources for

frugivores?

Chapter 8 summarises and synthesises knowledge gained in the earlier chapters.
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Chapter 2 The phenology of four fig tree species (Ficus racemosa, F.
oligodon, F. ischnopoda and F. montana) in riparian forest of

western Thailand

2.1 Abstract

Vegetative and reproductive phenologies of plants are influenced by climatic factors
and interactions with other organisms. Ficus spp. are known as keystone resources
in tropical forest ecosystems globally. Although Ficus is one of the most diverse
plant genera, consisting of more than 830 species, relatively few studies have
described the phenology of fig trees. Here, the leaf and fig phenological patterns of
four riparian fig tree species in Kanchanaburi, western Thailand are described across
one year (January — December 2016). New leaf production occurred all year round
but varied in detail among species. Crops of the dioecious species F. oligodon, F.
ischnopoda and F. montana peaked seasonally, and fruiting appears to be influenced
by temperature. The monoecious F. racemosa produced figs all year round with less
seasonal effects, making it a potential keystone resource for frugivorous wildlife.
Within-tree asynchrony in fig production made it easier for fig wasps to cycle on
male trees. The lowest proportion of within-tree asynchronous fig crops was
detected in F. racemosa, but self-pollination may still occur in this monoecious
species. F. racemosa produced figs almost up to canopy level (> 5 m), but the three
smaller dioecious fig species mainly bore figs close to the ground (0-1 m)
suggesting that these fig trees may interact with different frugivore groups foraging

at different height levels.
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2.2 Introduction

The dynamics of plant vegetative and reproductive development through
time are influenced by many abiotic, such as climate, and biological factors such as
interactions with pollinators, seed dispersers and herbivores (Fenner, 1998; Harrison
et al., 2000). Phenological studies improve understanding about how changing
environments affect flowering or fruiting patterns and are particularly important

now, at a time of climate change (Zhang et al., 2006).

There are at least 830 Ficus species distributed in a wide range of habitats
across the tropics and sub-tropics, so genus Ficus is one of the most widely-
distributed plant genera (The Plant List, 2018). Fig trees also vary greatly in growth
form and display different breeding systems. Fig trees are known for their specific
pollination by fig wasps (Agaonidae) (Bronstein, 1992; Machodo et al., 2001). Fig
trees produce unusual inflorescences (figs, also called syconia) that vary in
characteristics such as size, colour and where they are produced on the trees. This
influences the animals that feed on the figs and they provide resources for many
species of frugivorous birds, mammals, reptiles or even fishes (Shanahan et al.,
2001). Moreover, figs are soft and easy to eat, and fig trees can be abundant. Some
species also bear figs all year round, allowing them to be the important food item for
wildlife during low fruit production periods of other plants (Janzen, 1979). Hence,

the statement of Janzen (1979) that ‘Everybody eats figs’ is not greatly exaggerated.

In Ficus, seasonal changes in leaf and fig production have been described by
several studies (Corlett, 1984; Bronstein, 1989; Patel, 1997; Harrison et al., 2000;

Kuaraksa et al., 2012; Zhang et al., 2014; Chen et al., 2015; Pothasin et al., 2016).
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Significantly lower fig production has been reported in subtropical fig trees during
the winter season (Patel, 1997; Zhang et al., 2014), but some subtropical fig trees
bear higher fig crops during winter which will ripen in the dry season (Chen et al.,
2015). Elevated rainfall (Spencer et al., 1996) and higher temperatures (Harrison et
al., 2000; Pothasin et al., 2016) nonetheless usually strongly correlate with fig
production. However, climatic factors do not influence on fig production in some
cases (David et al., 2012). To complete their reproductive cycles, both fig trees and
their fig wasp pollinators need to interact to ensure survivorship for each other
(Visser et al., 2005; Cook et al., 2003; Moe et al., 2011). In monoecious fig trees,
asynchronous fig production often occurs across different individuals at the
population level, but most crops within trees display synchrony (Janzen, 1979; Jia et
al., 2008). This allows fig trees to support populations of fig wasps throughout the
year (Smith & Bronstein, 1996). However, in dioecious fig trees, synchronous crops
within trees are less common (Bronstein & Patel, 1992; Harrison et al., 2008;
Kuaraksa et al., 2012) and only male trees support fig wasp populations. Small or
isolated fig tree populations (Bronstein, 1989) may benefit from having pollinators
cycle on single male trees and the pollinators of dioecious species typically disperse
less widely than pollinators of monoecious fig trees (Harrison & Rasplus, 2006).
Dioecy also allows female fig trees to concentrate their fruiting during optimal times
of the year and such climatic factors clearly influence fig availability, so the

complexity of phenology is addressed in genus Ficus (Spencer et al., 1996).

As phenological information indicates how fig trees express their vegetative
and reproductive behavior, and this relates directly to pollination and seed dispersal
events, this study aims to investigate the following specific questions: (i) What are

the leaf and fig phenological patterns of four riparian fig species? (ii) Do leaf and fig
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production of the four species correlate with climatic factors, such as temperature or
rainfall? (iii) Do fig numbers and differ between sexes within dioecious species and
between the species? (iv) Where do the trees present their figs to potential

dispersers, and does this vary between male and female plants of the same species?

2.3 Methods

2.3.1 Study sites

The research was carried out at several riparian sites in different national
parks located in Kanchanaburi province, western Thailand for a one-year period
running from January to December 2016 (Table 2.1; Fig. 2.1). The elevation range
is from 100 — 1200 m. a.s.l. The geological structure mainly consists of igneous
granite rock and several sedimentary rocks, for example limestone, shale and
sandstone. The soil is mostly from the decay of those rocks, giving a red-brown

colour (Suksawang, 1995).

The climate of the area is classified as typical of the tropical monsoon zone,
and average annual rainfall is about 1750 mm. Based on data from the Kanchanaburi
Meteorological Centre, which is located about 50 km from the nearest study site, the
rainy season ranges from May to October, and the dry season from November to
April (Fig 2.2). The temperatures peaked in April 2016 and were lowest in
December to January. The relative humidity started rising from April to July,
decreasing down a little in August, and rising to a peak in October (Fig 2.2). The
relative humidity was negatively correlated with maximum temperatures, but

positively correlated with rainfall (Table 2.2).
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The five study areas were located in streamside forests. The streams of
Phatad and Kratengjeng waterfalls are connected to the Kwai Noi river basin, and
the rest join the Kwai Yai River. Water flowed all year round at most sites, but
shortages of water occurred for a short period in March at the Phatad waterfall,
although the water level then rose after rainfall in April. All the sites are surrounded
by tourist attractions, and several nature trails are present. The forest structure is
mostly mixed deciduous forest. The major trees include Xylia xylocarpa (Fabaceae),
Pterocarpus macrocarpus (Fabaceae), Afzelia xylocarpa (Fabaceae), Vitex
peduncularis  (Lamiaceae) and  Lagerstroemia  calyculata  (Lythraceae)

(Chantarasuwan et al., 2007).



30

Table 2.1. Sample sizes (number of trees), study locations and geographical

coordinates of four riparian figs species in Kanchanaburi, western Thailand.

Ficus N Study sites
Species Latitude/Longitude
(trees) (codes)

F. racemosa 6 Phatad (PT) 14°39'N/98°46'E

4 Erawan (E) 14°22'N/99°08'E

8 Phatart Cave (PTC) 14°39'N/99°08'E

5 Hueymaekamin (H) 14°40'N/99°03'E

F. oligodon 18 Kratenjeng (KTJ) 15°02'N/98°58'E

16 Phatad (PT) 14°39'N/98°46'E

F. ischnopoda 34 Phatad (PT) 14°39'N/98°46'E

F. montana 58 Kratenjeng (KTJ) 15°02'N/98°58'E

Fig. 2.1. Map of study sites of four riparian figs species

western Thailand.

@ Kratengjeng
A Phatad

® Hueymackamin
@ Phatart Cave
B Erawan

in Kanchanaburi,
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Fig. 2.2. Monthly rainfall (mm); open bars, Relative humidity (%); squares,
Average, Minimum and Maximum temperature ("C); Triangles, open spades

and open circles, respectively, at the Kanchanaburi Meteorological Centre
from January to December 2016.

Table 2.2. Spearman’s rank correlation tests among monthly metrological
factors over the twelve month study period. AT = Average temperature, MiT =
Minimum temperature, MaT = Maximum temperature, RH = Relative
humidity and RF = Monthly accumulative rainfall.*P < 0.05, **P < 0.01. Tests
were performed in R. 3.4.3.

MiT MaT RH RF
AT 0.907**  0.909** -0.301 0.140
MiT 0.761**  -0.098 0.361
MaT -0.608*  -0.098

RH 0.757**




32

2.3.2 Study species

2.3.2.1 Ficus racemosa

F. racemosa (Subgenus Sycomorus; Section Sycomorus) is a monoecious fig
tree and distributed widely from India and China to Australia (Corner, 1965). It can
be found along riparian areas, in mixed deciduous to evergreen forest, up to 1,000 m
a.s.l. It is a 20 — 30 m tall tree when mature, becoming buttressed. Its leaves vary
from lanceolate to subobovate. Young leaves are reddish to purple reddish in colour
and turn to green when mature. Figs are produced in clusters on the trunk. The
mature figs exhibit a pinkish to ruby red or orange colour, and the mature figs range
from 3 — 5 cm in diameter (Berg et al.,, 2011). F. racemosa is pollinated by
Ceratosolen fusciceps (Agaonidae) (Kobmoo et al., 2010). To date the five species
of non-pollinating wasps, Platyneura testacea, Platyneura mayri, Platyneura
agraensis, Apocrypta westwoodi and Apocrypta sp., were recognized (Zhang et al.,
2004). F. racemosa interacts with numerous species of frugivores, including

mammals, birds and fishes (Shanahan et al., 2001; CHAPTER 3; 4).

2.3.2.2 Ficus oligodon

F. oligodon is a dioecious fig tree, growing to 15-20 m tall that also belongs
to subgenus Sycomorus section Sycomorus. This species exhibits a wide
geographical range, from Pakistan to Peninsular Malaysia. It is mostly found near
streams in evergreen, mixed deciduous and montane forests at elevations up to 1,600
m a.s.l. F. oligodon produces elongate and narrow toothed ovate, elliptic, oblong,

subobovate or suborbicular leaves. Young leaves are often red colour changing to
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green when fully mature. Figs are produced in clusters on leafless branches,
branchlets or rooted branchlets. The subglobose figs can be up to 10 cm in diameter,
and often purple to reddish colour when mature (Berg et al., 2011). F. oligodon
shares a pollinator with F. auriculata which is Ceratosolen emarginatus. Recorded
non-pollinator fig wasps include Philotrypesis longicaudata, Philotrypesis sp., and
Sycophaga sp. (Kuaraksa et al., 2012). Only three mammal species: Asiatic Black
Bear, Selenarctos thibetanus (Ursidae), Grey-bellied squirrel, Callosciurus caniceps
(Sciuridae), and rat, Maxomys sp. or Rattus sp. (Muridae), one bulbul species:
Black-crested bulbul, Pycnonotus flaviventris (Pycnonotidae), and cyprinid fishes
consume figs of F. oligodon that fall into the water (Shanahan et al., 2001;

CHAPTER 3; 4).

2.3.2.3 Ficus ischnopoda

F. ischnopoda (Subgenus Ficus; Section Ficus) is a small dioecious shrub or
treelet, growing 3-6 m. tall. It is distributed across tropical East Asia, from
Northeastern India to peninsular Malaysia. This species is a rheophyte which mostly
grows on rocks in fast running streams. It can be found in many forest habitats,
such as mixed deciduous, evergreen and montane forests. Leaves shapes are
oblanceolate to obovate. Immature leaves are entirely purple and become greenish
when mature. Figs are produced singly in leaf axils, are 2-3 cm. in diameter when
mature, subovoid in shape, and coloured black or purple when fully mature (Berg et
al., 2011). F. ischnopoda is pollinated by Blastophaga sp. (Wiebes, 1993). In
Kanchanaburi, seeds of F. ischnopoda are potentially dispersed by various birds
including Stripe-throated bulbul, Pycnonotus finlaysoni (Pycnonotidae), Black-

crested bulbul